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A Kinetic Window Constricts
the T Cell Receptor Repertoire in the Thymus
ful” T cells that have survived thymic, peripheral, and
antigen selection (von Boehmer, 1990). While these
studies have been very useful in illustrating the basic
Peter A. Savage* and Mark M. Davis†‡
*Program in Cancer Biology
†Department of Microbiology and Immunology and
Howard Hughes Medical Institute principles of positive and negative selection, it has not
been clear how truly representative these TCRs are inStanford University School of Medicine
Stanford, California 94305 either the correct or incorrect MHC context. Further-
more, they cannot address issues of how diverse popu-
lations of thymocytes are selected normally or what bio-
chemical properties drive selection.Summary
Immunization of H-2k mice with pigeon cytochrome c
protein in adjuvant elicits a helper T cell response pri-To characterize the ligand binding properties of a naive
T cell repertoire capable of responding to a foreign marily directed at residues 88–103 of moth cytochrome
c (MCC) presented by the I-Ek class II MHC moleculeantigen, we analyzed T cell populations from T cell
receptor (TCR) b transgenic mice using a novel, single (Fink et al., 1986). MCC/I-Ek-specific T cells can be iden-
tified using tetrameric, fluorescently labeled complexescell peptide/major histocompatibility complex (MHC)
tetramer dissociation assay. The largely CD41CD82/low of MCC/I-Ek in conjunction with flow cytometry (Craw-
ford et al., 1998; Gu¨tgemann et al., 1998). In this system,antigen-specific thymocyte repertoire exhibited a
broad, bimodal distribution of tetramer binding half- the majority of cells primed by antigen challenge express
TCRs that bind MCC/I-Ek with a monomeric half-life be-lives (t1/2s), with a significant underrepresentation in
the intermediate half-life range in which the majority tween 2 and 11 s at 258C (Savage et al., 1999). Several
studies have demonstrated that the biological activityof the peripheral repertoire lies. Thus, cells with the
potential to bind foreign antigen with the lowest and of a peptide/MHC ligand is primarily determined by the
duration of the TCR-peptide/MHC interaction (Matsui ethighest stability are likely to be selectively removed
from the repertoire prior to their establishment in the al., 1994; Lyons et al., 1996; Kersh et al., 1998), at least
with respect to MHC class II–restricted T cells. In addi-periphery. These studies provide direct evidence that
thymic selection biases the naive peripheral T cell rep- tion, the stability of TCR-peptide/MHC binding has been
shown to have a direct influence on the density of pep-ertoire toward TCR-ligand interactions that fall within
a moderate half-life “window.” tide/MHC clustering during T cell recognition (Grakoui
et al., 1999). While much is known about the MCC/I-Ek-
specific repertoire responding to antigen, the scope ofIntroduction
the naive MCC/I-Ek-specific repertoire prior to immune
challenge remains unknown. A logical implication of theIt has long been known that the thymus plays a central
role in establishing self-MHC restriction (Zinkernagel requirement for conditioning on thymic self-ligands dur-
ing development is that the peripheral lymphocyte rep-and Doherty, 1974; Bevan, 1977; Zinkernagel et al., 1978;
Kisielow et al., 1988b; Teh et al., 1988) and tolerance ertoire responding to foreign antigen may be inherently
restricted in some respects. To directly address this(Kappler et al., 1987; Kisielow et al., 1988a) in the T
lymphocyte compartment. During thymic development, possibility, we evaluated the influence of thymic selec-
tion on a diverse, antigen-inexperienced MCC/I-Ek-spe-the TCR repertoire expressed by maturing T cells is
strongly influenced by interactions with endogenous cific repertoire. We developed a single cell peptide/MHC
tetramer dissociation assay that reveals the results ofpeptide/MHC molecules (Benoist and Mathis, 1997;
Sebzda et al., 1999). The T cell repertoire must be respon- thymic selection with respect to what is likely to be
the most important biochemical parameter, namely thesive to a broad spectrum of foreign antigenic peptides
yet tolerant to self-peptides presented by self-MHC mol- dissociation rate of the TCR-peptide/MHC interaction.
We find a progressive narrowing of the TCR repertoireecules. During the process referred to as “positive” se-
lection, only those cells with at least a minimal reactivity during the later stages of thymocyte maturation, fa-
voring those T cells that bind antigen with intermediateto self-peptide/MHC are permitted to undergo matura-
tion, thus ensuring that mature T cells are restricted to dissociation rates.
self-MHC. Cells that react too strongly with self-peptide/
MHC complexes are eliminated by what is referred to Results
as “negative” selection. Following maturation in the thy-
mus, TCR-peptide/MHC interactions are also required Single Cell Tetramer Dissociation Assay
for naive T cell survival in the periphery (Goldrath and Previously, we analyzed TCR repertoire selection in pop-
Bevan, 1999). The study of T cell selection and differenti- ulations of T cells during the course of an immune re-
ation has relied heavily on the use of transgenic T cells sponse by following the dissociation kinetics of peptide/
expressing specific TCR ab heterodimers. The recep- MHC tetramer binding using flow cytometry (Savage et
tors used in these studies were derived from “success- al., 1999). Normally, MCC/I-Ek tetramer binding is stable
at 48C following the removal of tetramer stain by washing
(data not shown), but the addition of the anti-I-Ek com-‡ To whom correspondence should be addressed (e-mail: mdavis@
cmgm.stanford.edu). petitor antibody 14.4.4 promotes tetramer dissociation,
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presumably by blocking the rebinding of tetramer MCC/
I-Ek moieties that have dissociated from TCR. While this
assay is useful for detecting general changes in the
TCR-peptide/MHC half-lives of antigen-specific T cell
populations (Savage et al., 1999), it lacks the resolution
required to characterize minor subpopulations, subtle
population shifts, and populations that fail to follow a
normal distribution. In the current study, we have ex-
tended the resolution of the dissociation assay to the
single cell level by determining the half-life of tetramer
binding to individual T cells using time-lapse fluores-
cence microscopy. This single cell approach provides
a precise, quantitative, high-resolution view of T cell
repertoire distributions.
In the single cell assay, MCC/I-Ek tetramer-stained
cells are purified by fluorescence-activated cell sorting
(FACS) and monitored at 1 min time points by fluores-
cence microscopy after incubation with 14.4.4 at ambi-
ent temperature. Data acquisition is streamlined by tak-
ing fluorescence images at a central cell cross-section,
which is feasible because fluorescence changes in a
single cross-section are representative of fluorescence
changes over the entire cell (as measured by the summa-
tion of multiple cross-sections taken at 1 mm intervals,
Figure 1C). For each cell, a half-life for tetramer binding
is derived from a fluorescence decay plot (Figure 1A).
The half-life is corrected to account for photobleaching
of the phycoerythrin fluorophore, the rate of which is
determined by analyzing fixed, tetramer-stained cells
following repeated exposures (Figure 1B). The linearity
of single cell decay data plotted on a semi-log scale
(Figure 1A) indicates that tetramer dissociation occurs
stochastically (that is, with first-order kinetics), and thus
should reflect the intrinsic half-life of the TCR for this
ligand. This is consistent with our previous results with
ab TCR transgenic populations (Savage et al., 1999). In
many cases, the single cell assay reveals a time lag
before fluorescence decay enters the exponential phase
(indicated in gray in Figure 1A). The time lag, which is Figure 1. Single Cell Analysis of Tetramer Dissociation Kinetics
generally longer with increasing half-life, is likely due to MCC/I-Ek tetramer1 cells were purified by FACS and analyzed by
fluorescence microscopy.the fact that tetramer dissociation is not observed until
(A) Representative tetramer staining decay plots for four individualall (i.e., two, three, or four) peptide/MHC-TCR contacts
MCC/I-Ek-specific cells. The natural logarithm of the normalizedare abolished for a given tetramer molecule.
MCC/I-Ek tetramer staining fluorescence is plotted versus time after
addition of 14.4.4 antibody. The t1/2 derived from each plot (corrected
Analysis of T Cell Populations from TCR b for photobleaching, see below) is indicated. In general, the longer
the t1/2 of tetramer binding, the longer the time lag (indicated in gray)Transgenic Mice
before staining decay plots enter the linear phase.In order to analyze naive antigen-specific T cell popula-
(B) A representative bleaching curve for a fixed, MCC/I-Ek tetramer-tions, we used mice transgenic for the b chain of the
stained cell analyzed at 1 min time points. The natural logarithm
MCC/I-Ek-specific 5C.C7 TCR (Fazekas de St. Groth et of the normalized fluorescence is plotted versus time. The t1/2 of
al., 1992). The T cell repertoire in 5C.C7 b transgenic bleaching is indicated.
animals is significantly enriched for T cells that recog- (C) Comparison of t1/2 determinations using single or summed cross-
section measurements. The t1/2s of MCC/I-Ek tetramer binding deter-nize this ligand, with z4% of peripheral CD41 T cells
mined using either the sum of fluorescence values of a stack ofexhibiting MCC/I-Ek specificity (Figure 2A). However, the
cross-sections (separated by 1 mm intervals) or fluorescence mea-MCC/I-Ek-specific repertoire is heterogeneous, since a
surements at a single central cross-section are plotted for ten indi-
given T cell must pair the 5C.C7 b transgene with an vidual cells. The best-fit line illustrates the nearly 1:1 relationship
endogenously rearranged TCR a chain to acquire anti- between determinations made using the two approaches.
gen specificity. Thus, 5C.C7 b transgenic mice mimic
wild-type mice in that they have a diverse TCR repertoire
but differ in that they have a prominent MCC/I-Ek-spe- cyte populations from 5C.C7 b transgenic mice revealed
significant differences between these populations (Fig-cific population that can be analyzed using MCC/I-Ek
tetramers. ure 3). First, the decay kinetics in the initial time interval
(0–20 min) are faster for the thymocyte population rela-Flow cytometric analysis of MCC/I-Ek tetramer staining
decay for tetramer1 thymocyte and tetramer1 lympho- tive to the lymphocyte pool (p , 0.01, Figure 3), indicat-
TCR Repertoire Selection in the Thymus
245
Figure 2. Flow Cytometric Analysis of MCC/I-Ek-Specific T Cells from 5C.C7 b Transgenic Mice
Samples were stained with MCC/I-Ek tetramer and antibodies specific for various cell surface molecules and analyzed by flow cytometry. (A)
Representative plots of MCC/I-Ek tetramer staining versus CD4 expression for thymocyte and lymphocyte populations. Representative sorting/
analysis gates are shown. (B) Representative plots of CD4 versus CD8 expression for total thymocyte, tetramer1CD4high thymocyte, and
tetramer1CD4high lymphocyte populations. (C) Representative histograms of relative cell number versus expression of the indicated cell surface
molecules for tetramer1 thymocyte and tetramer1 lymphocyte populations. A typical HSAlow/high sorting gate is shown (right panels). Plots in
(A) and (B) are five percent probability plots. Tetramer staining and cell surface molecule expression are presented on a logarithmic scale.
ing that thymocytes are enriched for cells that bind revealed a somewhat broader, bimodal half-life distribu-
tion, with an underrepresentation in the intermediateMCC/I-Ek with the shortest half-lives. Second, the decay
kinetics at a later time interval (60–90 min) are slower range (Figure 4B). Comparison using the nonparametric
Kolmogorov-Smirnov test indicates that these differ-for the thymocyte population relative to the lymphocyte
subset (p , 0.01), indicating that the thymocyte popula- ences are statistically significant, with p , 0.002. Thus,
the single cell assay reveals that the thymocyte reper-tion is also enriched for cells that bind antigen with
longer half-lives. Thus, overall the plots are indicative toire exhibits greater heterogeneity of ligand binding
half-lives, a finding that is concordant with the flow cy-of a greater breadth of binding stabilities within the thy-
mocyte pool relative to the peripheral lymphocyte popu- tometry results (Figure 3).
In general, the majority of thymocytes that have alation.
To obtain a more precise view of these repertoire strong enough fluorescence signal to be usable in our
tetramer dissociation assays are of the more maturedifferences, we analyzed the MCC/I-Ek-specific popula-
tions from these mice using the single cell fluorescence CD41CD82/low subset, while only a small proportion
(6.1 6 3.7%, n 5 5) are of the precursor CD41CD81microscopy assay. For the 5C.C7 b transgenic periph-
eral lymphocytes, the half-lives of MCC/I-Ek tetramer subset (Figure 2B, middle panel). Single cell analysis
demonstrates that the small number of tetramer1binding fall in a normal distribution primarily ranging
between 60 and 200 s (Figure 4A). Analysis of the anti- CD41CD81 thymocytes exhibit a half-life distribution
similar to that of the total thymocyte population (Figuregen-specific 5C.C7 b transgenic thymocyte population
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by the finding that tetramer binding half-life distributions
are nearly identical for 5C.C7 ab thymocyte and lympho-
cyte populations (Figures 5F and 5G). Third, half-life
differences are unlikely to be due to differences in TCR
expression level. In 5C.C7 b transgenic mice, z97% of
MCC/I-Ek-tetramer1 thymocytes express levels of TCR
comparable to levels on peripheral lymphocytes (Figure
2C, panels second from left). Moreover, the finding that
decay plots for individual cells are linear when plotted
on a semi-log scale (Figure 1A) implies that the dissocia-
tion of each tetramer molecule is independent of other
tetramers bound to the same cell, and therefore the off-
rate should be independent of the overall number of
TCRs expressed on a particular cell. Fourth, as dis-
cussed below, tetramer dissociation rate can be directly
related to TCR sequence.
Overall, our data indicate that cells that bind MCC/
I-Ek for the longest and shortest duration are enriched
in the thymus relative to the periphery. Thus, cells that
fall within a moderate half-life window are most likely
to survive selection, confirming previous speculation
that selection biases the repertoire toward interactions
of intermediate strength (Davis et al., 1984; Sprent et
al., 1988).
The half-lives of productive TCR-peptide/MHC class
II interactions measured at 258C are generally clustered
within the 2–11 s range (Savage et al., 1999). The interac-
tion of the 2B4 TCR with MCC/I-Ek has a half-life of 11
Figure 3. Flow Cytometric Analysis of MCC/I-Ek Tetramer Staining s at 258C (Matsui et al., 1994; Lyons et al., 1996) and
Decay Kinetics for Antigen-Specific Populations from 5C.C7 b thus represents the upper end of this half-life range. In
Transgenic Mice addition, preliminary data (D. S. Lyons, L. Teyton, and
Lymphocyte (closed circles) and thymocyte (open circles) samples M. M. Davis, unpublished data) indicate that the 5C.C7
were stained with tetramer, washed, incubated with 14.4.4, and
TCR binds MCC/I-Ek with a half-life of z4 s at 258C. Inanalyzed by flow cytometry.
our single cell assay, MCC/I-Ek tetramer bound to 5C.C7(A) Staining decay plots for tetramer1 lymphocyte or tetramer1 thy-
or 2B4 ab transgenic T cells with a median half-life ofmocyte populations. The natural logarithm of the normalized fluores-
cence is plotted versus time after 14.4.4 addition. Points represent 90 or 220 s, respectively (Figures 5F and 5H), a finding
the mean (6 SEM) for eight mice. that is consistent with our previous flow cytometry re-
(B) Quantitative analysis of tetramer staining decay kinetics. For the sults (Savage et al., 1999). This z20-fold increase in
decay plots of the eight individual mice analyzed (individual plots half-life relative to the monomeric TCR-MCC/I-Ek inter-
not shown), the mean 2slope (6 SEM) of a given time interval is
actions is due to the multivalency of tetramer binding.plotted versus the midpoint of that interval. The slope is equivalent
Interestingly, the half-life distribution of the 5C.C7 bto ln(Fa/Fb)/t, where Fa is the normalized fluorescence at the start of
transgenic peripheral lymphocytes is roughly bracketedthe interval, Fb is the normalized fluorescence at the end of the
interval, and t is the length of the interval (hours). The asterisk indi- by the half-lives of tetramer binding to 5C.C7 and 2B4
cates a statistically significant difference between lymphocyte and ab transgenic T cells at the lower and upper ends, re-
thymocyte groups (p , 0.01 for both 0–20 min and 60–90 intervals). spectively (Figures 5A, 5F, and 5H). This finding indi-
cates that in this system thymic selection favors cells
capable of binding MCC/I-Ek with half-lives in the z4–11
5E), indicating that the CD41CD81 population does not s range.
skew the overall thymocyte distribution toward either To distinguish between different stages of differentia-
extreme. The remaining thymocytes at the CD41CD81 tion within the thymic CD41CD8-/low compartment, we
stage express very low levels of TCR and do not give a determined the half-life of tetramer binding to thymo-
strong enough signal to be assayed. cytes with differential expression of the maturation
It is important to note that the half-life differences marker heat stable antigen (HSA). Maturing T cells down-
observed between the 5C.C7 b transgenic populations regulate HSA expression during the later stages of de-
are likely due solely to differences in TCR-peptide/MHC velopment (Scollay et al., 1984; Crispe and Bevan, 1987).
dissociation rate. First, the rate of tetramer dissociation In 5C.C7 b transgenic mice, z30% of MCC/I-Ek-specific
is unlikely to be influenced by molecules outside of the cells express high levels of HSA (Figure 2C, right panels).
tetramer-TCR complex. For example, the CD4 corecep- Comparison of the immature HSAhigh and mature HSAlow
tor has been shown to have no effect on tetramer binding repertoires revealed that the mature thymocyte reper-
(Crawford et al., 1998; Hamad et al., 1998) and is there- toire was shifted slightly toward TCR-MCC/I-Ek interac-
fore unlikely to account for differences in tetramer disso- tions of longer duration relative to the immature reper-
ciation rates. Second, additional extrinsic factors unique toire (Figures 5C and 5D). The differences between the
to either thymocytes or lymphocytes are unlikely to influ- HSAhigh and HSAlow maturational subsets may be under-
estimated, since a proportion of the HSAhigh subset mayence the kinetics of tetramer dissociation, as illustrated
TCR Repertoire Selection in the Thymus
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Figure 4. Summary of t1/2 Values for MCC/I-Ek
Tetramer Binding to Single MCC/I-Ek-Specific
Cells from 5C.C7 b Transgenic Mice
MCC/I-Ek tetramer1 cells were purified by
FACS and analyzed by fluorescence micros-
copy following incubation with 14.4.4. Histo-
grams plotting the number of cells versus the
logarithm of the t1/2 (s) of MCC/I-Ek tetramer
binding are shown for lymphocytes ([A], n 5
165, pooled from six experiments) and thy-
mocytes ([B], n 5 343, five experiments) from
5C.C7 b transgenic mice. The 5C.C7 b lym-
phocyte repertoire (A) follows a normal distri-
bution, while the thymocyte repertoire (B)
does not (x2 test). The differences between
these groups are statistically significant (p ,
0.002 by Kolmogorov-Smirnov test). Num-
bers represent the percentage of each popu-
lation falling within the three delineated re-
gions. These arbitrarily defined regions are
for illustrative purposes and do not affect sta-
tistical analyses.
(C) Percentile-percentile plot comparing
5C.C7 b transgenic lymphocyte and thymo-
cyte t1/2 data. Each percentile (i.e., 1st, 2nd,
3rd . . . 100th) of the thymocyte data set is plot-
ted versus the corresponding percentile of
the lymphocyte data set. The serpentine na-
ture of the plot, crossing from below the line
y 5 x to above it, illustrates how the bimodal
thymocyte distribution “straddles” the lym-
phocyte distribution.
be transitional intermediates destined for the HSAlow all MCC/I-Ek-specific cells from 5C.C7 b transgenic
mice utilize the Va11 variable region (Figure 2C), aphenotype. These data show that thymocytes that bind
MCC/I-Ek tetramer less stably are less likely to complete chain cDNA was subjected to PCR amplification us-
ing Va11- and Ca-specific primers, and the resultingthe maturation process. Importantly, although periph-
eral survival may shape the repertoire somewhat, the products were cloned and sequenced. First, we se-
quenced CDR3s from thymocytes to which tetramerfact that the HSAlow repertoire is comparable to the pe-
ripheral repertoire, with its low proportion of weak tetra- bound with either the shortest or longest half-lives (Fig-
ures 6A and 6B). Sequences from the long half-life sub-mer binders (half-life , 60 s, Figures 5A and 5C), indi-
cates that much of the observed selection occurs within set exhibited striking similarity, allowing us to derive
a consensus sequence, as shown in Figure 6B. Thethe thymus. In addition, the subtle shift of the HSAlow
half-life distribution relative to the HSAhigh distribution attributes associated with strong tetramer binding are
(1) a CDR3 length of eight amino acids; (2) a glutamateillustrates that the relationship between the stability of
TCR-MCC/I-Ek binding and developmental fate, al- at a93; (3) an alanine, serine, or proline at a94; (4) a serine
at a95; and (5) the use of Ja16 or Ja17 gene segments.though significant, is not absolute.
Several of these attributes have been observed previously
in analyses of cytochrome c–specific T cell hybrid-TCR Sequence Analysis of TCR b
omas (Hedrick et al., 1988) and in studies of antigen-Transgenic Populations
driven TCR sequence selection following immunizationTo verify that the half-life variations seen here are due
(McHeyzer-Williams and Davis, 1995; McHeyzer-Wil-to TCR sequence differences and to further characterize
liams et al., 1999). Sequences from the short half-lifethe MCC/I-Ek-specific cells, we surveyed TCR a chain
subset were always missing at least one of these attri-complementarity determining region 3 (CDR3) sequences
in these same populations (Table 1; Figure 6). Since butes (Figure 6C). The fact that the 5C.C7 a chain has
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only four of the five strong binding sequence attributes
(using Ja34 instead of Ja16 or Ja17 [Fink et al., 1986])
is consistent with the finding that tetramer binds 5C.C7
ab transgenic T cells with a relatively short half-life (90
s, Figure 5F). The sequences of the 2B4 TCR chains are
considerably different from 5C.C7 and are therefore not
useful for comparative purposes. Analysis of the thymo-
cyte subsets in this manner revealed that, on average,
cells of the mature HSAlow subset express TCRs with a
greater number of these attributes relative to cells of
the immature HSAhigh subset (Figure 6C). This finding
is consistent with the HSAlow cells having TCR-ligand
interactions of longer duration in the tetramer binding
studies (Figures 5C and 5D). Taken together, these data
illustrate that the half-life of tetramer binding can be
directly related to TCR sequences, consistent with the
premise that TCR-independent variables are unlikely to
influence the kinetics of tetramer dissociation.
Discussion
In these studies, we show that thymic selection con-
stricts the MCC/I-Ek-specific TCR repertoire in mice that
have never been exposed to the MCC antigen. What
could account for the observed repertoire narrowing?
Although the precise relationship between MCC and the
peptide(s) mediating selection is unknown, the fact that
repertoire selection with respect to MCC/I-Ek binding is
observed suggests that some correlation exists be-
tween the strength with which a TCR binds MCC/I-Ek
and the strength with which it binds selecting ligand(s).
The idea that a correlation may exist is consistent with
the observations of Baldwin et al. (1999a), who found
that a monoclonal antibody specific for MCC/I-Ek could
stain thymic sections and specifically block the thymic
selection of thymocytes bearing MCC/I-Ek-specific
TCRs, suggesting that the MCC/I-Ek complex is similar
(although not identical) to endogenous selecting com-
plexes in the thymus. However, since even similar li-
gands can exhibit considerably different kinetics for
binding to the same TCR (Kersh and Allen, 1996; Davis
et al., 1998), the proposed correlation is unlikely to be
strict. With this in mind, we postulate that those cells
that bind MCC/I-Ek with lowest stability may be the most
likely to become arrested at a late stage in development
due to insufficient reactivity to low-affinity ligands driv-
ing differentiation. Given such a correlation, the popula-
tion failing to complete maturation would have a diffuse
distribution of MCC/I-Ek tetramer binding half-lives but
would be skewed toward cells with the shortest half-
lives. This population may correspond to the HSAhigh
ments, median t1/2 5 94 s). (D) 5C.C7 b transgenic HSAhigh thymocytes
Figure 5. Summary of t1/2 Values for MCC/I-Ek Tetramer Binding to (n 5 74, two experiments, median t1/2 5 72 s). (E) 5C.C7 b transgenic
Single MCC/I-Ek-Specific Cells from Transgenic Mice CD41CD81 thymocytes (n 5 22, two experiments). (F) 5C.C7 ab
MCC/I-Ek tetramer1 cells were purified by FACS and analyzed by transgenic lymphocytes (n 5 40, median t1/2 5 88 s). (G) 5C.C7 ab trans-
fluorescence microscopy following incubation with 14.4.4. Histo- genic thymocytes (n 5 39, median t1/2 5 90 s). (H) 2B4 ab transgenic
grams plotting the number of cells versus the logarithm of the t1/2 lymphocytes (n 5 16, median t1/2 5 220 s). Numbers represent the
(s) of MCC/I-Ek tetramer binding are shown for the following popula- percentage of each population falling within the three delineated
tions. (A) 5C.C7 b transgenic lymphocytes (n 5 165, pooled from regions. Repertoire differences between HSAlow and HSAhigh thymo-
six experiments, same data as Figure 4A). (B) 5C.C7 b transgenic cyte subsets were statistically significant (p , 0.005 by Mann-Whit-
total thymocytes (n 5 343, five experiments, same data as Figure ney rank-sum test). Similar HSAlow and HSAhigh distributions were
4B). (C) 5C.C7 b transgenic HSAlow thymocytes (n 5 139, two experi- observed in two additional experiments.
TCR Repertoire Selection in the Thymus
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Table 1. Predicted TCRa CDR3 Amino Acid Sequences for Clones Derived from MCC/I-Ek-Specific Cells of 5C.C7 b Transgenic Subsets
Subset CDR3 a Ja n
93 94 95 96 97 98 99 100 101 102
Long t1⁄2 thymocytes E A S A G N K L 17 5 (3)
E S S A G N K L 17 3
E P S A G N K L 17 1
E A S S G Q K L 16 3 (2)
E S S G S W Q L 22 1
13
Short t1⁄2 thymocytes E P N S G T Y Q 13 3
E A A N S G T Y Q 13 1
G P A N S G T Y Q 13 1
E N S A G N K L 17 2
E F S A G N K L 17 1
G A S S G Q K L 16 1
D P S S G Q K L 16 1
E A S N Y N V L 21 2 (2)
E G S N T N K V 34 1
E A S S F S K L 50 1
14
HSAlow thymocytes E S S G S W Q L 22 3 (2)
E A S G S W Q L 22 2 (2)
E P A S S G S W Q L 22 1
E N S A G N K L 17 2
E A S A G N K L 17 2 (2)
E T S A G N K L 17 1
E T S S G Q K L 16 2
E P N S G T Y Q 13 2
E P A N S S T Y Q 13 1
E A S N T N K V 34 1
17
HSAhigh thymocytes E A S S G S W Q L 22 3 (3)
E A S G S W Q L 22 1
E S S G S W Q L 22 1
E V S G S W Q L 22 1
E T S S G Q K L 16 1
D P S S G Q K L 16 1
D A S S G Q K L 16 1
N F K C Q K L 16 1
E A A N T N K V 34 2 (2)
E F S N A N K V 34 1
E P S N T N K V 34 1
E P S N Y N V L 21 2
E A S N Y N V L 21 1
E A A T G G Y K V 12 1
E G T G G Y K V 12 1
E N S A G N K L 17 1
E A S N S G T Y Q 13 1
21
Lymphocytes E Y S A G N K L 17 3
E A S A G N K L 17 2
E R S A G N K L 17 1
E A S G S W Q L 22 4 (2)
E S S G S W Q L 22 2
E A S S G Q K L 16 3
E P S S G Q K L 16 1
D P S K W P E A 16 1
E A S N T N K V 34 3 (2)
E A S N Y N V L 21 3 (2)
E A A N S G T Y Q 13 2
D P N S G T Y Q 13 1
E A S N Y A Q G L 26 2 (2)
E R S S G N K L 32 1
E A A S F G K L 24 1
E P S S F S K L 50 1
31
The predicted CDR3 sequence (a chain residues 93-102) and the Ja usage are presented for clones from the indicated subsets (see text and
Figure 6 legend for subset descriptions). All sequences use the Va11 variable region. n denotes the number of different clones with the
indicated amino acid sequence. Where applicable, the number of different nucleotide sequences is shown in parentheses. The total number
of clones analyzed for each subset is listed beneath the n values for that subset.
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Figure 6. TCR a Chain CDR3 Sequence Anal-
ysis for MCC/I-Ek-Specific Cells from 5C.C7
b Transgenic Mice
cDNA from the indicated MCC/I-Ek-specific
populations was subjected to PCR amplifica-
tion using Va11 and Ca-specific primers, and
the resulting products were cloned and se-
quenced.
(A) Isolation of thymocytes to which MCC/I-Ek
tetramer binds with a relatively short or long
t1/2 (see Experimental Procedures for details).
The numbers indicate the proportion of the
original tetramer1 population that fell within
the indicated gate.
(B) Predicted CDR3 amino acid sequences
(a chain residues 93–100) for clones derived
from the long t1/2 subset. Conserved features
are highlighted in black. All sequences use
the Va11 variable region. The long t1/2 consen-
sus sequence was used to define five attri-
butes associated with strong MCC/I-Ek bind-
ing (see text). n denotes the number of
different clones with the indicated amino acid
sequence. Where applicable, the number of
different nucleotide sequences is shown in
parentheses.
(C) The percentage of sequences having the
indicated number of long t1/2 consensus attri-
butes is presented for the long and short t1/2
thymocyte subsets, HSAlow and HSAhigh thy-
mocytes, and peripheral lymphocytes. For
each subset, the number of sequences and
the mean number of consensus attributes,
respectively, are as follows: long t1/2, 13, 4.92;
short t1/2, 14, 3.36; HSAlow, 17, 3.82; HSAhigh,
21, 3.29; lymphocytes: 31, 3.87. The complete
set of sequences is presented in Table 1.
thymocyte subset shown in Figure 5D. On the other TCR a chain sequence is observed not only at the
CD41CD81CD692 large thymocyte stage but also ashand, those cells that bind MCC/I-Ek with higher stability
may have the highest probability of progressing to the late-stage maturation proceeds through the CD41CD8low
thymocyte, CD41CD82 thymocyte, and CD41 peripheralHSAlow stage. These cells would have a scattered distri-
bution of half-lives for MCC/I-Ek binding but would be lymphocyte stages. Our data are also consistent with
many studies demonstrating that negative selection canskewed toward those cells with the longest half-lives.
Within this HSAlow subset, cells with the longest half-lives occur at late stages of thymic differentiation (for exam-
ple, see the results of Baldwin et al. [1999b] in the cyto-may be the most likely to exhibit inordinate reactivity to
self-ligands and be deleted by negative selection at this chrome c system). Cells marked for negative selection
may be detectable in the thymus due to a time lag be-final maturational stage. The net effect of these two
opposing selective forces would be the removal of the tween TCR signals and the apoptosis or cell clearance
processes. What is unexpected is the selection againstextremes of the repertoire, narrowing the half-life distri-
bution relative to the thymic preselection population. late-stage thymocytes to which tetramer binds for the
shortest duration, possibly as a result of insufficientThe bimodal thymic half-life distribution that we observe
in these studies may represent the preferential retention self-reactivity. Although positive selection is thought to
primarily occur at the CD41CD81 stage (prior to theof the two putative populations destined for removal.
Our results show that T cells at the latest stages of CD41CD82/low stage of the cells analyzed here), there
are data suggesting that this is a multistep process inthymic development are subject to significant selective
pressures. This finding is in accordance with data from which TCR-peptide/MHC interactions are also required
at stages subsequent to the CD41CD81 stage (Kisielowa similar TCR b transgenic model (Sant’Angelo et al.,
1998), in which a progressive enrichment of a canonical and Miazek, 1995; Lucas and Germain, 1996; Anderson
TCR Repertoire Selection in the Thymus
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654 nm) were evaluated at 1 min intervals on an Axiovert S100 TVet al., 1999). In addition, the idea that a cohort of cells
inverted microscope (Zeiss) equipped with a MicroMAX cooled CCDthat has passed the initial CD41CD81 stage of positive
camera (Princeton Instruments). Data were collected and analyzedselection may subsequently fail to complete maturation
using MetaMorph software (Universal Imaging). Fluorescence im-
is consistent with a requirement for repeated TCR sig- ages were recorded through a cross-section of each cell. Data were
naling in combination with recent findings indicating that fit to the equation It 5 I0e2kt 1 Ibackground, where It is the fluorescence
intensity at time 5 t, I0 is the initial intensity, k is the rate of tetramerweak ligands (such as those likely to participate in posi-
dissociation, t is time, and Ibackground is the background intensity. ktive selection) lose potency as thymic differentiation
was adjusted for photobleaching, and the half-life of tetramer bind-progresses (Davey et al., 1998; Lucas et al., 1999).
ing was determined by dividing ln 2 by k. In Figure 1, Ibackground wasWithin any given antigen system, the activity of a pep-
subtracted and the data were plotted on a semilogarithmic scale.
tide/MHC ligand generally increases as the strength of
the TCR-peptide/MHC interaction increases (Davis et Isolation of Cells to which MCC/I-Ek Tetramer Binds
al., 1998). However, the productive TCR-ligand interac- with a Relatively Short or Long Half-Life
Tetramer1 thymocytes from 5C.C7 b transgenic mice were purifiedtions characterized thus far are usually of only moderate
by fluorescence-activated cell sorting. Half of the sorted populationstrength. Why are productive TCR-ligand interactions
was incubated with 14.4.4 for 3 min, after which the cells with theof high stability (half-life . 11 s) rare? As shown in Figure
lowest tetramer fluorescence (short half-life subset) were isolated.
5, cells for which the longevity of tetramer binding is The other half of the original tetramer1 population was incubated
greater than that of 2B4 cells are depleted in the periph- with 14.4.4 for 15 min, after which the cells that stained brightest
ery relative to the thymus. These data indicate that T (long half-life subset) were resorted. The short and long half-life
subsets are composed of cells to which tetramer binds with a half-cells capable of binding foreign antigen with high stabil-
life #60 s and $270 s, respectively.ity may be rare due in part to thymic selection, sug-
gesting that selection imposes a rough upper limit of
DNA Sequencing
ligand binding strength. TCR-ligand interactions of mod- Cell populations were sorted into lysis buffer as described pre-
erate strength may thus be the strongest interactions viously (McHeyzer-Williams and Davis, 1995). Oligo-dT (Collabora-
available within the peripheral repertoire following selec- tive Biomedical Products)-primed reverse transcription was per-
formed with Superscript RT II (Gibco BRL) using protocolstion on self-ligands in the thymus.
recommended by the manufacturer. PCR amplification using TaqOur data are consistent with previous reports correlat-
polymerase (Promega) was performed using Va11- and Ca-specificing the longevity of TCR-peptide/MHC binding and the
primers. Amplification products were subcloned into pGEM-T (Pro-
outcome of thymic selection (Alam et al., 1996; Williams mega) and sequenced by standard methods (Stanford PAN Facility).
et al., 1999). In addition, the methodology described
here is likely to be useful in dissecting the evolution of Acknowledgments
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